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I For standard neutrinos, recent solar neutrino results together with the as- 

sumption of a nuclearly powered Sun imply severe constraints on the in- 
O dividual components of the total neutrino flux: 4>B e < 0.7 x 10 9 cm^ 2 s~ 1 , 

$CNO < 0.6xl0 9 cm- 2 s- 1 , and64xl0 9 cm- 2 s~ 1 < § pp+pep < 65 x 10 9 cm _2 s _1 
f~j \ (at la level). The bound on $Be is in strong disagreement with the stan- 

dard solar model (SSM) prediction $|| M « 5 x 10 9 cm _2 s _1 . We study 
a large variety of non-standard solar models with low inner temperature, 
finding that the temperature profiles T(m) follow the homology relationship: 
T(m) = kT SSM (m), so that they are specified just by the central temperature 
T c . There is no value of T c which can account for all the available experimen- 
tal results. Even if we only consider the Gallium and Kamiokande results, 
they remain incompatible. Lowering the cross section p + 7 Be — > 7 + 8 B is not 
a remedy. The shift of the nuclear fusion chain towards the pp-I termination 
could be induced by a hypothetical low energy resonance in the 3 He + 3 He 
reaction. This mechanism gives a somehow better, but still bad fit to the 
combined experimental data. We also discuss what can be learnt from new 
generation experiments, planned for the detection of monochromatic solar 
neutrinos, about the properties of neutrinos and of the Sun. 
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I. INTRODUCTION 



The aim of this paper is to examine whether there is still room for an astrophysics and/or 
nuclear physics solution of the solar neutrino problem, in the light of the most recent results 
of the Gallium experiments 

We shall demonstrate that these results, when combined with the information arising 
from the Chlorine || and Kamiokande [|J experiments and - most important - with the 
assumption of a nuclearly powered Sun, severely constrain the individual components of the 
solar neutrino flux, under the hypothesis of standard (zero mass, no mixing, no magnetic 
moment . . . ) neutrinos. 

The arguments leading to these constraints, already outlined in a previous paper || , are 
essentially independent of solar models. The basic assumption concerning the Sun is that 
the present total neutrino flux can be derived from the presently observed value of the solar 
constant. We remark that these constraints have became much more stringent after the 
recent reports from Gallex and Sage 

For standard neutrinos, these results provide evidence that the nuclear energy production 
chain, see Fig. [I], is extremely shifted towards the pp-l termination and, as a consequence, 
the fluxes of v^ e and z/cno are strongly reduced with respect to the predictions of standard 
solar models. 

The situation is the following: i) we can now compare theory and experiment at the level 
of individual fluxes, ii) the solar neutrino problem, i.e. the discrepancy between experimental 
results and standard solar models, affects now also the 7 Be-nuclei production, and not only 
the rare 8 B neutrinos. 

Next, we ask ourselves whether the solar neutrino problem is restricted to standard solar 
models. In this spirit, we analyze several non-standard solar models with an enhanced pp-l 
termination. The main inputs of any solar model are listed in Table |I[ We are aware of just 
two ways for enhancing the pp-l termination acting on these inputs: 

i) adjusting the parameters which affect the inner solar temperature, so as to build low 
inner-temperature solar models, 

ii) adjusting the 3 He nuclear cross sections. 

We note that the p + 7 Be — > 7 + 8 B cross section does not influence the pp-l branch. 

As a relevant and common feature of all the low-inner-temperature models, we find a 
homology relation for the temperature profiles, T(m) = kT SSM (m), where k depends on the 
input parameters, but it is independent of the mass coordinate m in the inner radiative zone 
(at least for m = M/M < 0.97), and SSM refers here and in the following to standard solar 
models. In other words, our numerical experiments disclose that a variation of the solar 
temperature in the centre implies a definite variation in the entire inner radiative zone. 

A consequence of this finding is that the different components of the neutrino flux de- 
pend basically only on the central temperature, and are almost independent of how that 
temperature is achieved. This in turn implies that, when performing a x 2 analysis of the 
experimental data compared to the prediction of non-standard solar models, it is sufficient to 
parameterize these non-standard solar models by the central temperature. In other words, 
varying independently all the solar model parameters that influence the temperature does 
not yield a better fit than just varying the central temperature. 
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It is well known that it is not possible to get a good temperature fit due to the "discrep- 
ancy" between the Kamiokande and Chlorine results [§,0, but the following questions are, 
nonetheless, interesting: 

i) how much does the fit improve if one excludes one of the experimental results? 

ii) does this fit improve if one lowers the p + 7 Be — > 7 + 8 B cross section, as suggested from 
the analysis of recent data on the Coulomb dissociation of 8 B |8|U? 

Another way to shift the nuclear fusion chain towards the pp-1 termination without 
altering the inner solar temperature can be found in the realm of nuclear physics. In the 
light of the new neutrino results, we discuss whether a hypothetical low energy resonance in 
the 3 He + 3 He reaction, firstly advocated by Fowler |H| , analyzed in Ref. || , and presently 
investigated experimentally at LNGS can reconcile theory and experiments. 

Several new-generation experiments are being planned for the detection of monochro- 
matic solar neutrinos produced in electron capture ( 7 Be + e~ — > 7 Li + v) and in the pep 
(p + e~ — > d + n) reactions [P^~P^| . Furthermore, Bahcall IHSyTEfl pointed out that ther- 
mal effects on monochromatic neutrino lines can be used to infer inner solar temperatures. 
In relation with the foregoing analysis, we discuss what can be learnt from such future 
measurements about the properties of neutrinos and of the Sun. 

Concerning the organization of the paper, the solar-model-independent constraints on 
neutrino fluxes are presented in Sec. [TI| and compared with the results of standard solar 
models in Sec. |T|. Section [IV] is devoted to the analysis of non-standard solar models with 
lower temperature, which are compared with experimental data in Sec. |V|. In Sec. [VI| we 
discuss the chances of a low energy resonance in the 3 He + 3 He channel, and in Sec. |VII| we 
remark the relevance of future detection of the pep and 7 Be neutrinos. Our conclusions are 
summarized in the final Section. 



II. (ALMOST) SOLAR MODEL INDEPENDENT CONSTRAINTS ON 

NEUTRINO FLUXES 

In this section we briefly update the constraints on neutrino fluxes derived in Ref. ||, 
in the light of the recent reports from Gallex and Sage |1]|§. While we refer to Ref. H for 
details, we recall here the main points. 

i) For standard neutrinos and under the assumption of a nuclearly powered Sun, the compo- 
nents $j of the total neutrino flux arriving onto the Earth are constrained by the equation 
of energy production 

* = E (§-<£>*) *< > C 1 ) 

where K is the solar constant, Q is the energy released in the fusion reaction 4p+2e — > a-\-2v 
and (E)i is the average neutrino energy of the iih flux. In practice the relevant terms in 
Eq. (I]]) are just those corresponding to ^ pp + pep , $Be, and $cno- 

ii) In order to calculate (E)i, we take the ratio £ = & pe p/§ PP +pe P from the SSM (£ = 
2.38 x 10~ 3 ), and, similarly, the ratio £ = $n/^cno — 0.54. Results are almost insensitive 
to these choices ||. 

iii) The signal Sx of the X experiment is represented as 
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s x = y, x & > ( 2 ) 

i 

where the weighting factors Xi are cross sections for the v detection reaction averaged over 
the (emission) spectrum of the 2-th component of the neutrino flux (note that the X{ are 
ordered according to the neutrino energy) , and are shown in Table ||. 

iv) We use the following experimental results, where systematic and statistical errors have 
been added in quadrature. For the Gallium value, we use the weighted average of the 
Gallex |I| and Sage results 

S Ga = (78 ± 10) SNU . (3) 
For the Chlorine experiment we use the average of the 1970-1992 runs || 

Sen = (2.32 ± 0.26) SNU . (4a) 
Whereas the Kamiokande result reads 

Sf a = (2.9 ± 0.42) x lO^nrV 1 . (4b) 

v) We take the Boron flux $b, which enters in Eq.( |2|), from experiment. However, we 
can use either the Kamiokande result or the Chlorine result (it is well known that a 
choice between the two experiment is needed, otherwise one is forced to an unphysical value 

$Be < 0). 

We have thus four unknowns $ pp+pep , $Be, $cno, and $b, which are constrained by the 
three equations ([!]), fl3|), and, alternatively, fl4a|) or (|45|) . 



By exploiting the ordering properties of the Xi, as discussed in Ref. [fj], and by using 
the new experimental results, one derives severe constraints, for standard neutrinos. As 
an example, by taking $b from Kamioka, for each assumption about § pp+pep one has the 
minimum signal in Gallex if all other neutrinos are from Beryllium and the maximum signal 
if all other neutrinos are from CNO. By using similar procedures one finds the bounds 
depicted in Figures. 0, |3|, and £|. By conservatively using the Chlorine result to determine 
the Boron flux (this choice is the less restrictive on the fluxes), we find the following bounds 
on the fluxes, in units of 10 9 cm _2 s _1 , 

64 < Q pp+pep < 65 at 1 er 
$Bc < 0.7 

$cno < 0.6 , (5a) 

and 

61 < $pp+p ep < 65 at 3 cr 
$Bc < 4.2 

$cno<3.6 . (5b) 

In summary, the Gallium result together with the luminosity constraint implies that almost 
all neutrinos, if standard, come from the pp-1 termination. The bounds of Eqs. (ED are very 
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strict since even a small flux of other (and more energetic) than the pp neutrinos gives an 
appreciable contribution to the Gallium signal. This is why an experimental result with 
10% accuracy can fix the § pp+pep at the level of about 2%. 

We note that the bounds have become much more stringent than those reported in 
Ref . || , because both the central value and the error of the Gallium result have decreased, 
so that now the experimental result is even closer to the minimal signal which is obtained 
when all neutrinos come from the pp-l termination (<& pp+pep = 65 x 10 9 cm _2 s _1 ). 

Concerning the assumptions leading to Eqs. (|5]), we remark that the main hypothesis is 
that the present Sun is nuclearly powered, see Eq.( [I]), whereas the values chosen for £ and 
i] are unessential (see again Ref. 0). 



III. STANDARD SOLAR MODELS AND EXPERIMENTAL DATA 

The relevance of the bounds derived in the previous section can be best illustrated by 
comparing them with the results of standard solar model computations. For a few represen- 
tative calculations we present the main input parameters of these models in Table JTJ, and 
the resulting neutrino fluxes in Table [TV]. 

Let us remark that we can now compare not only the total signals predicted by the theory 
and measured by experiments, but also several individual fluxes, as shown in Table JTVI. In 
particular, we find that the upper limit for $B e , implied by the experiment at the la level, 
is 7 times smaller than $|| M , whereas, at the same level of accuracy, the suppression of $b 



is about a factor of two respect to the SSM (in Table [TV] the experimental upper bound on 
$b is obtained from the less constraining result, i.e. the Kamiokande value). A suppression 
of $Be stronger than $b was already implied by the comparison between Kamiokande and 
Chlorine results, while we derived it using essentially only the Gallium experiments. 

In addition, we remind that the theoretical calculation for $b is the most questionable of 
the flux calculations, due to the well known uncertainties. In our opinion, the discrepancy 
between theory and experiment for the 7 Be flux is much more serious than the one for the 
8 B flux. In other words, it seems to us that the solar neutrino problem is now at the level 
of the branching between the pp-l and pp-11 terminations. 

In order to reconcile the theoretical and experimental determination of <£>b, one needs 
that the ratio between the two rates for the 3 He + 4 He and the 3 He + 3 He reactions, 

\^33/ 

is drastically altered from _R SSM = 0.16 to something about R = 0.02 (here and in the 
following, Ay is the rate for the collision between nuclei with mass number i and j, rriij 
being the reduced mass). 

The investigation of non-standard solar models where R is strongly reduced will be the 
subject of the next sections. It is worth remarking however that a reduction of <3>Be to bring 
it in the experimentally acceptable range generally implies also a comparable, or even larger, 
reduction of $b? which then becomes too small with respect to the experimental value. 
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IV. NON-STANDARD SOLAR MODELS WITH LOW CENTRAL 

TEMPERATURE 



Clearly the pp chain can be shifted towards the pp-l termination by lowering the inner 
temperature T, since the tunnelling probability is more reduced for the heavier nuclei: 

l0 H(A 3 3)J (tfT)V3 • ^ 

In order to reduce the inner temperatures one may attempt several manipulations 0: 

i) reduce the metal fraction Z/X, 

ii) reduce (by an overall multiplicative factor) the opacity tables, 

iii) increase the astrophysical factor S pp of the p + p — > d + e + v reaction, 

iv) reduce the Sun age. 

Clearly i) and ii) work in the direction of getting a more transparent Sun, which implies a 
lower temperature gradient, a larger energy production region and consequently smaller inner 
temperatures. When S pp is increased nuclear fusion gets easier, and the fixed luminosity is 
obtained with a reduced temperature. A younger Sun is another way to get a Sun cooler in 
its interior, since the central H-abundance is increased and, again, nuclear fusion gets easier. 

On the other hand, we remark that variations of the other astrophysical ^-factors, 633, 
634 and/or Sn, affect very weakly the inner solar temperature. This is physically clear, since 
the energy production mechanism is untouched ||. 

We have computed several solar models by varying the parameters well beyond the 
uncertainties of the standard solar model (see Table [V]), i.e. we have really built non- 
standard solar models. 

An important feature of all these models is the homology of the inner temperature profiles 

T{m) = kT SSM (m) , (8) 

where m = M/Mq is a mass coordinate, and the factor k depends on the parameter which 
is varied but does not depend on m. 

We have verified that Eq. (^) holds with an accuracy better than 1% in all the internal 
radiative zone (M/M < 0.97 or R/Rq < 0.7) for all the models we consider, but for huge 
(and really unbelievable) variations of the solar age, see Fig. [5] and Table M. It is worth 
remarking that T(m)/T (m) is constant through a region where T(m) change by a factor 
five, see Fig. ^. 

By looking at the numerical results, one finds - as expected - that, as long as the Sun 
age is kept fixed, the models have similar distributions of 4 He and of the energy production 
per unit mass, which as well known, is strongly related with temperature and 4 He density. 
On the other hand, when the Sun age is varied, the 4 He content also changes strongly, and 
the homology relation for the temperature is fading away. The important point is that for 
each model the temperature profile is essentially specified by a scale factor, which can be 
taken as the central temperature T c . 

On these grounds one derives general predictions for the behaviour of the neutrino fluxes 
$j. They are crucially dependent (through the Gamow factors) on the values of the tem- 
perature in the production regions T«, and, as usual, can be locally approximated by power 
laws: 
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$; = Qlf . (9) 
The homology relationship implies Tj = (j , c /j , s sm )7 1 . ssm an( j ) consequently, 

ft 

^SSM 



*. = *f M ( =£7 1 ■ do) 



c 



This means that each flux is mainly determined by the central temperature, almost in- 
dependently on the way the temperature variation was obtained, an occurrence which is 
clearly confirmed by Fig. [7| for the components of the neutrino flux which give the main 
contributions $Be, and $b) to the experimental signals. 

The situation is shown in more details in Table [Vl| where we present the numerically 
calculated values of the $ coefficients. One sees that (3 PP , /3& e , and /3b are approximately 
independent on the parameter which is varied. This is not true for $n, $0; an d "^pep- 
Actually, when writing Eq. (|9|) we neglected the flux dependence on the densities of the 
parent nuclei which generate solar neutrinos. These densities can change when some of the 
input parameters are varied. For example, $n and $0 look very sensible to variations of 
Z/X, since in this case, in addition to the temperature variation, the change of metallicity 
also influences the effectiveness of the CN cycle. However, this effect is negligible when 
estimating total experimental signals. 

Analytical approximations to the numerical values of the can be found by considering 
the dependence on temperature of the Gamow factors for the relevant nuclear reactions ||17|| . 
We would like to comment here just on the temperature dependence of the ratio $b/^Bc : 

$b = n p (oy) 17 ^ n p T 717 
$ Bc n e (ov e ) cap t n e T~i<*p* ' 

where 7 capt = —1/2, and 717 = —2/3 + E 17 /KT (En is the Gamow peak for the p + 7 Be — > 
7 + 8 B reaction) Assuming n p /n e to be constant, and evaluating En/ KT at T C SSM , we 
get 

*B _ ^13.5 



Be 



oc T c U b . (12) 



This value is in good agreement with the one reported in Table |VI] for a S pp variation; the 
agreement is less good with the values obtained by varying the other parameters (in this 
case n p /n e is clearly not conserved). 

Therefore, as long as the temperature profile is unchanged, lowering the temperature 
immediately implies that Boron neutrinos are suppressed much more strongly than Beryllium 
neutrinos, since the penetrability factor for the p + 7 Be — > 7 + 8 B reaction is diminished. 



V. THE CENTRAL SOLAR TEMPERATURE AND THE EXPERIMENTAL 

RESULTS. 

From the argument just presented, it is clear that a central temperature reduction cannot 
work; nevertheless, let us perform a x 2 (T c ) analysis to see quantitatively what happens. We 
define: 
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X 2 (T c ) = y2(SZ-S$)Vx Y (S?-S?) , (13) 



XY 



where the symbols have the following meaning. 

i) The experimental signals Sx~ (X = Gallium, Chlorine and Kamiokande) are the ones 
reported in Eqs. (||) and (f|). 

ii) The theoretical signals S^iTc) are calculated according to the formula 

Sf=E^F M (^Y\x pp ^ , (14) 

i^pp \ c / 

where we take the (3 coefficients corresponding to the S pp variations (second column of 
Table |VT] ), and we use the CDF94 standard solar model results, see Table [TV]. Note, in 
particular, that $| SM has been calculated by using Sn = 22 A eV barn. In order to achieve 
a better accuracy, $ pp is calculated directly through the Eq. ([[]). 

iii) The error matrix Vxy takes into account both the experimental and the theoretical 
uncertainties. The theoretical uncertainties are due to the neutrino cross sections Xi, and to 
the solar model parameters that are not related to the free parameter T c , i.e. S33, S34, and 
5*17. The diagonal entries, Vxx, are the sum of the experimental variance a x , plus the the 
squares of the errors due to the cross sections J2i{A x ) 2 {A x is the error of the detection cross 
section for the X experiment averaged over the i-th flux), plus the squares of the errors due 
to the input parameters S33, S34, and Si?, i.e. Z)p(A^) 2 (P = 633, S34, 5*17). The off-diagonal 
entries have contributions only from these last errors: V X y = XipA^Ay. The errors A are 
calculated by linear propagation. Therefore, if we call S x the error on the cross section Xi, 

A x = $p M (^Im)* 5 x , while, if 5 P is the error on the parameter P, A x = (dS^/dP) 5 P . 
The the partial derivative of the neutrino fluxes respect to these parameters are estimated 
by using power-laws which we have been determined from numerical experiments, and which 
are very similar to those of Table 7.2 in Ref. [[01]. The values we use for the uncertainties of 
the SSM parameters, 5 P , are given in Table |, while the errors on the cross sections, S x , can 
be found in Table f|. The use of the error matrix is necessary to avoid that an apparently 
good fit be achieved in an unphysical way, e.g. we cannot use the uncertainty of the Boron 
flux to strongly reduce its contribution to the Davis experiment, and, at the same time, have 
a smaller reduction in the Kamiokande experiment. 

The results shown in Fig. |8|(a) deserve a few comments, 
i) The best fit to the three experimental signals yields a Xmm|pl+Ga-|-Ka] = 18.5 that, for 
two degrees of freedom, is excluded at the 99.99% level (here we have treated systematic and 
statistical errors on equal footing); we thus confirm the results of Ref. [2D|. This is partly 



due to the well known "inconsistency" between Kamiokande and Chlorine, 
ii) Even if we only consider Gallium and Kamiokande the fit is still poor, yielding a 
Xmm[Ga+Ka]= 11, that for one degree of freedom is excluded at the 99.9% level. The 
reason is that if one tries to reduce $Be in accordance with Gallium data, then <3> B becomes 
too small in comparison with the Kamiokande result. On the other hand, if one considers 
just Gallium and Chlorine results the situation is better (x^ in [Cl+Ga]= 5, which has a 2.5% 
probability), due to the fact that the smaller Boron (and Beryllium) signal implied by the 
Chlorine experiment can be more easily adjusted to the Gallium result. 
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iii) From the above discussion it is clear that if one lowers the p + 7 Be — > 7 + 8 B cross section, 
the situation gets even worse, see Fig. ||(b). In other words, a reduction of S17 does not 
solve the solar neutrino problem. 

iv) Considering the Chlorine data corresponding (approximately) to the same data taking 
period as the other experiments (S^ -92 = 2.76 ±0.31 SNU H) the situation is only slightly 
changed: Xmin[Gl+Ga+Ka] = 15 that, for two degrees of freedom, is excluded at the 99.94% 
level; Xmm[Ga+Ka] = 11, that for one degree of freedom is excluded at the 99.9% level; and 
Xmi n [Cl+Ga]=6, which has a 2.4% probability. 

v) For the uncertainties of Table |, the effect of the error correlation is not large: for instance, 
if we use uncorrelated errors Xmi n [Gl+Ga+Ka] = 16 instead of 18.5. The real importance 
of error correlation becomes evident if we try to resolve the discrepancy by increasing the 
errors. For example, doubling the uncertainties reduces the uncorrelated Xmm t° 14, while 
the correlated one practically does not change. 

vi) The situation does not significantly change when considering models where one of the 
other parameters (opacity table, Z/X, age) are varied instead of S pp , as it is shown by Fig. |9|. 
Slightly better fits are obtained by varying Z/X or the age than S pp or the opacities, but 
the resulting x 2 nin [Cl+Ga+Ka]= 16.5 is still excluded at the 99.97% level. 

vii) If one insists on a low temperature solution, the best fit is for T C /T C SSM w 0.94, i.e. 
T c = 1.46 x 10 7o K. The price to pay for this 6% temperature reduction is very high in 
terms of the input parameters which are being varied, see Table |. Huge variations of the 
parameters are required, and, furthermore, in many cases the values used are at the border 
of what can be tolerated by our stellar evolution code: for example, we are not able to 
produce a Sun with T C /T C SSM < 0.94 by lowering the opacity or the age. 



VI. A LOW ENERGY RESONANCE IN THE 3 HE + 3 HE CHANNEL? 



As mentioned in the introduction, the other way to enhance the pp-1 termination is to 
play with the 3 He nuclear cross sections. As it was shown in Ref. |J, if the astrophysical 
S-factors are varied by a constant (through the star) quantity: 

$ l = $f M # (15a) 

where 

C / CSSM 

*=osW-f- and * = B > Be • ( 15b ) 

>->34 V >->33 

Numerical experiments confirm the approximate validity of Eqs. fllS]) giving $B,Be = 
$| Be ^°' 9 - Note that the changes of $b and $Be are proportional. 

For variations of 633 and £34 the solar temperature is essentially unaffected, and, conse- 
quently, all the fluxes other than B and Be are also unaffected. Only the pp + pep neutrino 
flux slightly changes, in order to fulfill the luminosity condition, Eq. ([I]), i.e. 

% P+P e P = ^ pep + $l S e M - $Be (16) 

In order to reduce the Beryllium flux by a factor - say - three with respect to the SSM 
value, S33 (S34) has to be nine times (one third) the value used in the standard solar model 
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calculations. Clearly, what matters are the values of the astrophysical factors at the energies 
relevant in the Sun, i.e. at the position of the Gamow peak for the He + He reactions near 
the solar center, Eq pa 20 keV. 

We recall that the astrophysical factors used in the calculations are obtained by extrapo- 



lating experimental data taken at higher energies (see Ref. JIS| for a review). Thus a very low 
energy resonance in the 3 He + 3 He reactions could be effective in reducing $Be and $b, and 



could have escaped to experimental detection. This possibility, first advanced in Ref. |TU 



cannot be completely dismissed, (see the discussion in Refs. pjlql) and it is presently being 
investigated in the underground nuclear physics experiment LUNA at Laboratori Nazionali 



del Gran Sasso 11 



For a resonance at energy E r and with strength cwy, equations ( [15f) become: 

= fj~ i = B , Be , (17a) 



where 



x t = ^ exp[3A(KT l )- 1 / 3 - E r j (KTi)} , (17b) 



and Tj are the temperatures at the peak of the v Be and v B production (T Be = 1.45 x 10 7o K, 
Tb = 1.5 x 10 7 °K), K is the Boltzmann constant, and the other constants, defined in Ref. ||, 
are W = 20 .4 keV and A = 1.804 MeV 1 / 3 . 

Let us remark that the resonance can work differently in different regions of the Sun, in 
relationship with the kinetic energies of the colliding particles. A low energy resonance is 
more efficient in the outer zone of energy production, and consequently $Be can be suppressed 
more than $b- The opposite occurs for higher energy resonances, the turning point being 
E r pa Eq, see Ref. || for details. 

We have performed a \ 2 analysis as a function of the resonance strength wy for several 
values of the resonance energy E r , with a procedure quite similar to that used in the previous 
section. 

The errors on the calculated signals arise from the neutrino interaction cross sections, 
from S17, and from all those quantities which influence the estimated central temperature 
of the Sun (S pp , Z/X, opacity and age), but not from 633 and S34 that influence fluxes 
according to Eq. (|T5|), and correspond to our free parameter. Again, the derivative of the 
neutrino fluxes with respect to these parameters, necessary to calculate the error matrix by 
linear propagation, are estimated by using power-laws very similar to those of Table 7.2 in 
Ref. Itrai. ' 



The uncertainties we use are shown in Tables | and |J. We note that uncertainties on 
the absorption cross sections, the metallicity Z/X and the opacity are the most important 



for estimating the errors on the signal. For the opacity we followed Ref. [21] and took "the 
characteristic difference between the solar interior opacity calculated with Livermore and 
with Los Alamos opacity code" , which may or may not be a fair estimate of the uncertainty, 
but we could not find a better prescription. However, as we shall see, the correlation among 
the errors is such that Xmin does not change even if we double the uncertainties on Z/X and 
on the opacity. 
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The results are presented in Fig. [H]. The situation looks slightly better than in the low 
temperature models since the <3>Be reduction does not imply an even stronger $b reduction. 
However, the best xLm = 14, obtained for E r = 0, is still excluded at the 99.9% level. The 
Xmi-a slightly increases with E r because of the tuning of the Beryllium/Boron suppression. 



The best fit strength as a function of E r is shown in Fig. |Tl|, together with existing 
experimental upper bound. We expect that LUNA experiment, presently performed at 
LNGS IjTTJ, will have a sensitivity better by about a factor 100, as compared with previous 
experiments, mainly due to the cosmic ray shielding in the underground laboratory, so that 
the search should be able to detect /exclude such a resonance down to extremely low values 
of E r . 

The use of the properly correlated errors on the fluxes is even more important when 
studying the effect of the hypothetical resonance than when we changed the temperature. 
The Xmin would be 10 instead of 14, had we used uncorrelated errors. Moreover, doubling 
the errors would yield a xLm °f almost 6, while the correlated one remains 14. The intuitive 
explanation of how the uncorrelated fit works is the following. The Chlorine and Kamiokande 
results require different suppressions of the neutrino fluxes. The fit finds the best compromise 
between the two experiments by adjusting the resonance strength. Then, the uncertainty on 
the temperature is used to further deplete $Be and, at the same time, to increase $b ; which 
is clearly unphysical. The correlated fit correctly uses the uncertainty on the temperature 
either to increase or to decrease both fluxes at the same time: either option is useless, once 
we get the best compromise for the common reduction of the two fluxes, no matter how 
much we are allowed to change the temperature. 

Combining the two mechanisms, i.e. a resonance in a low temperature model, does not 
work either, since again, once the best compromise suppression of the 7 Be and 8 B fluxes is 
achieved by one of the two mechanisms, the other cannot do much more. 



VII. THE DETECTION OF pep AND 7 Be NEUTRINOS 

New generation experiments are being planned for the detection of monochromatic solar 
neutrinos produced in electron capture ( 7 Be+e~ — > 7 Li+z/) and in the pep (p+e~+p — > d+u) 
reactions |p!2| - |l^| . Furthermore, Bahcall [[T~5| , [T6f| pointed out that, from the measurement of 



the average energy difference between neutrinos emitted in solar and laboratory decay, one 
can infer the temperature of the production zone. In this section we discuss what can be 
learnt from such future measurements about the properties of neutrinos and of the Sun. 

Concerning the intensity of the 7 Be line, we recall the bounds of Eqs. (|5|): at la (3a) 
the neutrino flux has to be smaller than 0.7 x 10 9 cm~ 2 s _1 (4.0 x 10 9 cm _2 s~ 1 ), otherwise 
neutrinos are non-standard. We recall however that a low $Be is also typical of the MSW 



solution, see Fig. |12 . 



The pep neutrinos are a good indicator of since the ratio & pep / ® PP is rather stable. In 



Fig. [12] we see that standard neutrinos correspond to $„ ep in the range (l-j-2) x 10 8 cm 2 s 



pep 11L UiJLV; J. Oj-L-L^V- ^ _L . — J /X _L \J \^±±L O j 

whereas the MSW solution requires $ pep < 3 x 10 7 cm _2 s _1 . Thus, a measurement of the 
pep-line intensity will be crucial for deciding about neutrino properties. 

The possibility of measuring inner solar temperatures through thermal effects on 
monochromatic neutrino lines looks to us extremely fascinating (although remote). In this 
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respect the homology relationship, Eq. fl8|), is particularly interesting, see Fig. [L3|. 

If homology holds, a measurement of the solar temperature in the - say - 7 Be production 
zone gives the value of T c . On the other hand, the homology relation itself is testable - in 
principle - by comparing the temperatures at two different places, as can be done by looking 
at the shapes of both the z/Be and v pep lines. We remark that this would be a test of the 
mechanism for energy transport through the inner Sun. 



VIII. CONCLUSIONS 

i) If neutrinos are standard, the present solar neutrino experiments already impose severe 
constraints on the individual components of the total neutrino flux. These constraints, at 
the la level, are: 

$ Bc < 0.7 x lO^m-V 1 
$cno < 0.6 x 10 9 cm- 2 s~ 1 
64 x 10 9 cm- 2 s _1 < $ pep < 65 x 10 9 cm- 2 s _1 (18) 

The constraint on Beryllium neutrinos is in strong disagreement with the results of any 
standard solar model calculation, see Table [IV|. The solar neutrino problem is now at the 
Beryllium production level: the experimental data demand a strong shift towards the pp-1 
termination, and the problem is not restricted anymore to the rare pp-lll ( 8 B) termination. 

ii) Solar models with low inner temperatures show temperature profiles T{m) homologous 
to that of the Standard Solar Model: T(m) = kT SSM (m). As a consequence, the main 
components of the neutrino flux depend essentially on the central solar temperature T c (see 
Table |V[), and the experimental signals can be parameterized in terms of T c . As already 
known, there is no value of T c which can account for all the available experimental results 
(Xmin(^c) ~ 16). In addition, we find that the fit is poor even considering just Gallium and 
Kamiokande results (Xmm(^c) ~ H)- Furthermore, lowering the cross section for p + 7 Be — > 
7 + 8 B makes things worse. 

iii) Alternatively, the shift of the nuclear fusion chain towards the pp-1 termination could 
be induced by a hypothetical low energy resonance in the 3 He+ 3 He reaction. This mechanism 
gives a somehow better but still poor fit to the combined experimental data (Xmin(^c) ~ 14). 
Its possible relevance to the solar neutrino problem will be elucidated in an underground 
nuclear physics experiment, presently performed at LNGS. 

iv) Concerning future experiments, the measurement of the Be and, particularly, of the 
pep-line intensities will be crucial for discriminating non-standard solar models from non- 
standard neutrinos, in relation with the bounds in Eq fll8|). Furthermore, the homology 
relation itself can be tested, in principle, in experiments aimed at the measurement of inner 
solar temperatures by looking at thermal effects on the pep and Be line shapes. This would 
provide a clear test about the mechanism of energy transport in the solar interior. 

In conclusion, we feel that recent Gallium results, taken at their face value, strongly point 
towards non-standard neutrinos. Of course we are anxiously waiting for the calibration of 
Gallex and Sage, and for future experiments. 
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TABLES 



TABLE I. The main parameters P of solar models and their estimated relative uncertainties 
at la level, (S p / P) SSM (here as in the text S p = 5P). All values are as in Ref. [21], apart for S. 



which is taken from the more recent Ref. |22|. Concerning solar age we refer to common wisdom, 
see Ref. 23]. In the last column we show, for the first four parameters, the values of £ = p/p SSM 
needed to account for T C /T C SSM = 0.94, when each input parameter is varied separately. In the 
same column we also show, for 533 and S'34, the values needed to account for $Bc 
(again when each input parameter is varied separately). 
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TABLE II. For the i-ih component of the neutrino flux we show the average neutrino energy 



(E) and the averaged neutrino capture cross sections Xi (1 SNU cm s = 10 cm ) for Chlorine 
(CI) and Gallium (Ga), with errors at la level. All data are from Ref. [jl9|, but for the CI cross 
section average over the 8 B neutrino flux, which is taken from Ref. p3|. When averaging the pp 



and pep components we use the relative weights of our SSM (CDF94), see Table III; similarly for 
13 N and 15 0. 
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TABLE III. Physical input parameters of several Standard Solar Models. We show the solar 
mass Mo[10 33 gr], the solar radius i?o[10 10 cm], the solar luminosity Lo[10 33 erg/s], the solar age 
[10 9 yr], the metal to hydrogen mass fraction Z/X, the zero energy astrophysical S'-factors [MeV 
barn] and their derivatives with respect to energies S' [barn]. BP is "the best model with diffusion" 
of Ref. ||]; TCL is the "IS Cpp Recent CNO model" of Ref. ||; CDF94 is our updated standard 
solar model, with Livermore opacity table [26], chemical composition following Grevesse 1991 "low 



iron" [27 1, and without diffusion 
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TABLE IV. Comparison among recent Standard Solar Model predictions and experimental 
results. For the definition of BP, TCL and CDF94 see Table |III| . We show the central temper- 
ature T c [10 7o K], the Helium abundance in mass Y, the metallicity fraction Z, the values of each 
component of the neutrino flux [10 9 cm~ 2 s _1 ], the calculated signals for the Chlorine (CI) and the 
Gallium (Ga) experiments [SNU]. On the right side we present the experimental constraints at one 
and three standard deviation level. 

Standard Solar Models Experimental Constraints 
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TABLE V. Test of the homology relationships. We show k = (T(m)/T(m) SSM ), and its r.m.s. 
variation Ak for several non-standard models, obtained by varying: s pp = S pp /Spp M , opa = opacity 



/ opacity 



SSM 



(Z/X)/(Z/X) SSM , and t = age / age SSM . The averages are performed over the 



mass shells in the region (a) M/M < 0.3, and (b) M/M < 0.97. 
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TABLE VI. The /3j coefficients of the power laws that describe the dependence of the neutrino 
fluxes on the temperature ($j = $? SM (T c /T c SSM ) /3i ). The components of neutrino flux that we 
consider are shown in the first column. The values presented are the best fit to the numerical 
calculations performed when each input parameter is varied in the range specified in the first row 



(same notation as Table IV) 
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FIGURES 



FIG. 1. The pp chain. 



FIG. 2. The Gallium signal 5ca is shown as a function of the neutrino flux § pp+pep . Stan- 
dard neutrinos correspond to the area inside the full (dot-dashed) lines if the Kamiokande (Chlo- 
rine) value for the Boron contribution is used. The Gallium result ±1<7 is shown. The lower 
limit for the pp-1 flux is thus $™+ pep = 64.2 x 10 9 cm" 2 s _1 (64.6 x 10 9 cm s ) The upper limit 
^pp+pep = 64.8 x 10 9 cm _2 s _1 is given by the luminosity constraint. 

FIG. 3. The Gallium signal S^a is shown as a function of the neutrino flux ^Bc- The Gallium 
result ±1cj is shown (dashed lines). For standard neutrinos, the allowed region is above the straight 
line Sq™. The region consistent with the Gallium result and standard neutrinos is the shaded area. 
The allowed flux has to be smaller than 3>Be = 7 x 10 8 cm _2 s _1 (4 x 10 8 cm _2 s _1 ), at la, if the 
Boron contribution is derived from Chlorine (Kamiokande) experiment. The result of our SSM is 
also shown (O). 

FIG. 4. The Gallium signal Sea is shown as a function of the neutrino flux <I?cno- The 
Gallium result ±lcr is shown (dashed lines). For standard neutrinos, the allowed region is above 
the straight line Sq" 1 . The region consistent with the Gallium result and standard neutrinos is the 
shaded area. The allowed flux has to be smaller than <3?cno = 6 x 10 8 cm _2 s _1 (2 x 10 8 cm _2 s _1 ), 
at la, if the Boron contribution is derived from Chlorine (Kamiokande) experiment. The result of 
our SSM is also shown (<>). 

FIG. 5. The temperature profiles T(to) normalized to T SSM (m) for a few representative 
non-standard solar models. 



FIG. 6. The SSM temperature profile T (to), normalized to the central value T c . 

FIG. 7. The behaviour of & pp , $Be ; and ^B a s a function of the central temperature T c when 
varying S pp , opacity, Z/X and age. 

FIG. 8. The \ 2 as a function of the central temperature T c . (a) We use the standard value 
<Si7 = 22.4 eV barn |2q| . (b) We use the recently proposed value Sn = 12 eV barn ||. 

FIG. 9. The \ 2 as a function of the central temperature T c when the temperature variation is 
obtained by changing the different input parameters. 

FIG. 10. For a few values of the resonance energy E r , we show x 2 as a function of the resonance 
strength ury. The fit is done with all (Ga+Cl+Ka) data. 
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FIG. 11. The best fit strength cwy of the 3 He + 3 He resonances as a function of the resonance 
energy E r (full line). The arrows correspond to the experimental upper bounds on the resonance 
strength, from Ref. p9[ . 

FIG. 12. The pep neutrino flux (& pep ) vs. the 7 Be neutrino flux ($Bc)- For the standard solar 
model (O). For several non-standard solar models adjusted so as to reproduce the Gallium result 
within 3o" (the Boron contribution is taken from the Kamiokande experiment); the notation is as 
in Fig. and the number close to each point represents the corresponding value of £ = p/p SSM , 
The values for the MSW solution, corresponding to the best fit (x), and to the 90% C.L. region 
(dots), see also Ref. [ j3(| . 

FIG. 13. Relations among the temperatures T% at the 7 Be and pep peak production zones 
(R/Ro = 0.06 and R/Rq = 0.09, respectively), and the central temperature T c in non-standard 
solar models. Data from numerical calculations are shown with the same symbols as in Fig. [7], 
while full lines show the homology relations T, = T c (ySSMy^ssM^ 
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